The Streptomyces glaucescens ␤-ketoacyl-acyl carrier protein (ACP) synthase III (KASIII) initiates straightand branched-chain fatty acid biosynthesis by catalyzing the decarboxylative condensation of malonyl-ACP with different acyl-coenzyme A (CoA) primers. This KASIII has one cysteine residue, which is critical for forming an acyl-enzyme intermediate in the first step of the process. Three mutants (Cys122Ala, Cys122Ser, Cys122Gln) were created by site-directed mutagenesis. Plasmid-based expression of these mutants in S. glaucescens resulted in strains which generated 75 (Cys122Ala) to 500% (Cys122Gln) more straight-chain fatty acids (SCFA) than the corresponding wild-type strain. In contrast, plasmid-based expression of wild-type KASIII had no effect on fatty acid profiles. These observations are attributed to an uncoupling of the condensation and decarboxylation activities in these mutants (malonyl-ACP is thus converted to acetyl-ACP, a SCFA precursor). Incorporation experiments with perdeuterated acetic acid demonstrated that 9% of the palmitate pool of the wild-type strain was generated from an intact D 3 acetyl-CoA starter unit, compared to 3% in a strain expressing the Cys122Gln KASIII. These observations support the intermediacy of malonyl-ACP in generating the SCFA precursor in a strain expressing this mutant. To study malonyl-ACP decarboxylase activity in vitro, the KASIII mutants were expressed and purified as His-tagged proteins in Escherichia coli and assayed. In the absence of the acyl-CoA substrate the Cys122Gln mutant and wild-type KASIII were shown to have comparable decarboxylase activities in vitro. The Cys122Ala mutant exhibited higher activity. This activity was inhibited for all enzymes by the presence of high concentrations of isobutyryl-CoA (>100 M), a branched-chain fatty acid biosynthetic precursor. Under these conditions the mutant enzymes had no activity, while the wild-type enzyme functioned as a ketoacyl synthase. These observations indicate the likely upper and lower limits of isobutyryl-CoA and related acyl-CoA concentrations within S. glaucescens.
One of the conserved features of fatty acid and polyketide biosynthesis is that the elongation steps that generate the carbon chains in both processes are accomplished by a ketoacyl synthase (KAS) (30) . These enzymes typically catalyze a Claisen condensation between an acyl-acyl carrier protein (ACP) substrate and malonyl-ACP (alternative substrates such as methylmalonyl-and ethylmalonyl-ACP can be used in some processes) to generate a 3-ketoacyl-ACP product (5) . These enzymes all operate via a ping-pong mechanism in which an active-site cysteine is essential for formation of the acyl enzyme intermediate. In contrast to this unified mechanism of elongation, at least three different processes are used for initiation of fatty acid and polyketide biosynthesis from simple acyl thioester precursors.
For a type II dissociable fatty acid synthase (FAS) of plants and bacteria a KAS isozyme, KASIII, plays a critical role in initiating fatty acid biosynthesis (Fig. 1A) (17, 23) . Elongation steps in a type II FAS are catalyzed by KAS isozymes (KASI and KASII) which have broad overlapping substrate specificities for a range of acyl-ACPs (more than four carbons) (17) . KASIII uses an acyl-coenzyme A (CoA) thioester as a substrate to directly generate a 3-ketoacyl-ACP intermediate. This enzyme is thought to play an important role in both regulating fatty acid biosynthesis and determining the type of fatty acids made by an organism. Thus the Escherichia coli KASIII has a strong preference for acetyl-CoA and produces only straightchain fatty acids (SCFAs) (23) . Organisms such as Streptomyces glaucescens and Bacillus subtilis produce a mixture of SCFAs and branched-chain fatty acids (BCFAs) and contain KASIII enzymes with relaxed specificity, processing both BCFA precursors (isobutyryl-CoA and methylbutyryl-CoA) and acetylCoA (4, 7) . In these organisms the KASIII specificity and the availability of the various acyl-CoA precursors contribute to determining the type of fatty acids made.
In contrast, initiation in a type I multifunctional FAS involves a malonyl/acetyl transferase domain-catalyzed transfer of an acetyl group from acetyl-CoA to ACP (Fig. 1B) (27, 30) . Elongation of the resulting acetyl-ACP and all subsequent acyl-ACPs is catalyzed by the one KAS present in a type I FAS. A similar method for initiation is seen in some modular type I polyketide synthases (PKSs) (15) . For the erythromycin PKS an acyltransferase (AT) domain catalyzes the transfer of propionyl-CoA onto an ACP in the loading module (6) . Similarly an AT domain in the avermectin PKS loads branched-chain starters isobutyryl-CoA and 2-methylbutyryl-CoA (12) . In both cases a KAS domain in the first extension module catalyzes the first elongation step using the resulting acyl-ACP substrate.
A third mechanism for initiation has been observed in nu-merous modular type I PKSs (Fig. 1C) . Analysis of the loading domains of PKSs involved in the biosynthesis of polyketides such as niddamycin, pikromycin, and monensin has revealed a KAS domain (termed KAS Q or KS Q ) in which the active-site cysteine is replaced with a glutamine (2, 13, 31) . These domains do not have KAS activity but are able to catalyze the decarboxylation of malonyl-or methylmalonyl-ACP residues to generate acetyl-and propionyl-ACP, respectively. The AT domains in the loading modules of these PKSs thus transfer malonyl-CoA or methylmalonyl-CoA rather than acetyl-CoA or propionyl-CoA, respectively, onto the cognate ACP domain. Evidence indicates that a similar decarboxylation of malonyl-ACP is used to initiate polyketide biosynthesis in certain type II dissociable PKS systems (1) (2) (3) . In this context it is interesting that the KAS used to catalyze all extension steps in this iterative process is a heterodimer (KS ␣ and KS ␤ ). The second subunit, KS ␤ , is similar to KS ␣ but has the essential conserved cysteine replaced with a glutamine (2) .
Using S. glaucescens as a host, we describe in this paper how a similar pathway for initiation can be engineered into a type II FAS using a KASIII Q mutant. This mutated enzyme has no KAS activity and cannot initiate fatty acid biosynthesis in the normal manner but can catalyze the decarboxylation of malonyl-ACP. Thus an extender unit used for both BCFA and SCFA biosynthesis is converted to acetyl-ACP, which is used only to initiate SCFA biosynthesis.
MATERIALS AND METHODS

Materials.
The following chemicals and reagents were purchased from Sigma (St. Louis, Mo.): acetyl-CoA, isobutyryl-CoA, butyryl-CoA, E. coli ACP, and malonyl-CoA. Oligonucleotides were synthesized at Gibco BRL (Life Technologies). Restriction endonucleases and other enzymes were purchased from New England Biolabs (Beverly, Mass.), Perkin-Elmer (Branchburg, N.J.), and Boehringer Mannheim (Bedford, Mass.). Malonyl-ACP was synthesized and purified as previously described (7, 8) .
Bacterial strains, plasmids, and cultivation of bacteria. Bacterial strains and plasmids used in this study are listed in Table 1 . E. coli TG-2 was used as a host for all plasmid construction. E. coli cells carrying plasmid constructs were grown in Luria-Bertani medium supplemented with ampicillin (100 g/ml) at 37°C. E. coli BL21(DE3)/pLysS was used for expression of N-terminal polyhistidyl (His)-tagged KASIII upon isopropyl-␤-D-thiogalactopyranoside (IPTG) induction. IPTG (1 mM) was added when the optical density of the culture at 540 nm reached 0.5, and the culture was incubated at 30°C for an additional 3 h. Streptomyces cells carrying plasmids were grown in YEME medium (5) at 30°C in the presence of thiostrepton (5 g/ml) for 3 days.
Site-directed mutagenesis of S. glaucescens KASIII. A four-primer site-directed mutagenesis system was used to create point mutations within the fabH gene (4, 10) . Primers used for site-directed mutagenesis and cloning of mutant fabH are listed in Table 2 . The Cys122Ser amino acid substitution was obtained by using two pairs of primers, FORBGLII-REVSER and REVBGLII-FORSER (Table 2) , to amplify two overlapping fragments from chromosomal DNA. The resulting two fragments were mixed and further amplified using primer pair FORBGLII-REVBGLII ( Table 2 ). The resulting 1.08-kb PCR fragment contained the desired mutant fabH gene flanked with BglII sites. The Cys122Ala and Cys122Gln amino acid substitutions were obtained by following the same pro- (C) The acyl-ACP used for the first elongation step is generated by a KAS Q -catalyzed decarboxylation of malonyl-ACP in some modular type I PKSs. A similar process is catalyzed by the KS ␣ and KS ␤ subunits of some type II dissociable PKSs. AT, AT domain. For clarity purposes only processes using a malonyl-CoA-derived malonyl-ACP are shown (methylmalonyl-ACP and other related substrates can also be used). In the type I systems the AT, ACP, KAS, and KAS Q catalytic domains are typically contained on one polypeptide chain. Construction of plasmids for expression of mutant and wild-type fabH in E. coli and S. glaucescens. The DNA fragments encoding wild-type KASIII and KASIII with Cys122Ser, Cys122Ala, and Cys122Gln mutations were inserted into the BamHI site of pSE34 (a streptomycete expression plasmid) downstream of P ermE‫ء‬ to create pSW7, pSS4, pSA11, and pSG14, respectively (Table 1) . Transformation of S. glaucescens with pSW7, pSS4, pSA11, and pSG14 led to strains that produced either elevated levels of the wild-type KASIII or a mutant KASIII (Cys122Ser, Cys122Ala, or Cys122Gln). Plasmids pSS4, pSA11, and pSG14 were also used as templates for PCR with FabHNDEI and REVBGLII primers to create an NdeI site at the codon for the N-terminal methionine and a BglII site downstream of the fabH stop codon. The resulting PCR fragments containing the mutated fabH genes were cloned into the corresponding sites of pET15b to create pES2 (Cys122Ser mutation), pEA23 (Cys122Ala mutation), and pEG4 (Cys122Gln mutation). Transformation of E. coli with pES2, pEA23, and pEG4 gave strains that have high-level expression of S. glaucescens fabH122CS, fabH122CA, and fabH122CQ upon IPTG induction. E. coli transformed with pLH14 (7) was used for overexpression of wild-type S. glaucescens fabH.
PCR and DNA sequencing. PCR was performed with the Gene AMPXL-PCR kit from Perkin-Elmer according to standard protocols. PCR products were eluted from agarose gel using the Elu-quik DNA purification kit from Schleicher & Schuell. Automated DNA sequencing was performed by the Medical College of Virginia-Virginia Commonwealth University Nucleic Acids Core Facility.
General methods. All DNA manipulations and transformation of E. coli were performed according to standard protocols (20) . Plasmid transformation of S. glaucescens protoplasts was also carried out by following standard protocols (11) . Analysis of fabH expression was carried out using sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis (SDS-15% PAGE). For protein purification, cells were lysed and purified by metal chelate chromatography according to the methodology supplied by Novagen.
Fatty acid profile analysis. Fatty acid profiles of Streptomyces were analyzed by following standard protocols (29) .
Malonyl-ACP decarboxylation. Assay mixtures contained 50 M malonyl-ACP, 1 mM ␤-mercaptoethanol, 100 M substrate (butyryl-CoA or isobutyrylCoA), 0.1 M sodium phosphate buffer (pH 7.0), and different amounts of wildtype or mutant KASIII in a final volume of 20 l. The mixtures were incubated at 37°C for 1 h, and the reaction was stopped by placing the mixtures in an ice bath. The conversion of malonyl-ACP to acetyl-ACP was assayed by loading the mixture on a 15% polyacrylamide gel containing 0.5 M urea. Electrophoresis was performed at 25°C and 23 mA. Perdeuterated acetate incorporation. In feeding experiments perdeuterated acetate was added to Streptomyces growth media to a final concentration of 10 mM. Streptomyces was grown in the presence of perdeuterated acetate in YEME for 4 days at 30°C and then harvested for fatty acid analysis. The fatty acid quantities were estimated by integrating the area of each major fatty acid peak and expressed as percentages of the total fatty acid pool. The determination of the percent labeling of the palmitate pool from an intact D 3 -acetate was based on the relative intensities of molecular ions (m/z) at 273 (methyl palmitate with three deuterium atoms) and 270 (unlabeled methyl palmitate) after correction for the natural abundance of 13 C and incorporation of deuterated malonate (28) .
RESULTS
Expression of wild-type and KASIII mutants in S. glaucescens. Analysis of the amino acid sequence of the S. glaucescens KASIII revealed only one cysteine residue (Cys122). This residue was shown by an alignment of the amino acid sequences of other KASs to be homologous to active-site Cys112 of the E. coli KASIII (5, 18) . We considered that replacement of the Cys122 residue in the S. glaucescens KASIII with glutamine or other residues would reduce the KAS condensation activity of KASIII but not the malonyl decarboxylase activity. The acetyl-ACP generated by malonyl-ACP decarboxylation has been suggested previously to be an efficient primer for SCFA in organisms producing predominantly BCFAs (14, 21) . Three mutant fabH genes capable of generating Cys122Ala, Cys122Ser, and Cys122Gln KASIII mutants were created by site-directed mutagenesis and cloned into Streptomyces expression vector pSE34 under the control of the P ermE ‫ء‬ promoter. The resulting plasmids and pSW7 (expressing the wild-type KASIII) were used to transform S. glaucescens. Analysis by SDS-PAGE of the resulting transformed strains revealed an enhanced protein band at the predicted molecular mass of 34 kDa compared to the S. glaucescens/pSE34 control (Fig. 2) . A visual comparison did not reveal a distinctly distinguishable level of enhancement of this protein for each transformant, suggesting comparable levels of expression for the mutant and wild-type KASIIIs.
Alteration of S. glaucescens fatty acid profiles by KASIII mutants. The fatty acid compositions of the S. glaucescens transformants were analyzed by standard methodologies (Fig.  3.) . The fatty acid profiles of S. glaucescens strains carrying the control pSE34 plasmid or pSW7 (wild-type KASIII expression) (Fig. 3.) or E. coli (data not shown). Fatty acid analyses revealed that plasmid-based expression of the KASIII mutants in S. glaucescens led to various effects on the ratio of SCFAs and BCFAs. The pSA11 and pSS4 transformants, expressing the Cys122Ala and Cys122Ser mutants, respectively, generated slightly higher levels (increased by 75 to 100%) of their fatty acids as SCFA palmitate. The levels of palmitate in the pSG14 transformant (expressing the Cys122Gln mutant) were significantly higher (increased by more than 500%) ( Fig. 3 and 4 ). Significant decreases in the major BCFAs of the pSA11 and pSS4 transformants were difficult to observe (large changes in the amounts of these fatty acids would not be expected if the levels of minor SCFA components were to increase less than twofold). Significant and reproducible decreases, however, were observed for the major BCFAs produced by the pSG14 transformant ( Fig. 3 and  4 ). The observations with the pSG14 transformant are consistent with the notion that the Cys122Gln (KASIII Q ) mutant generates acetyl-ACP specifically for initiating SCFA biosynthesis and competes with the wild-type KASIII-catalyzed process for initiation of BCFA and SCFA biosynthesis. These competing pathways for initiation of fatty acid biosynthesis presumably also occur to a lesser degree in the strains carrying the Cys122Ser and Cys122Ala mutants.
Incorporation experiments with perdeuterated acetate. Evidence that the KASIII mutants catalyze fatty acid initiation via decarboxylation of malonyl-ACP was provided by growing S. glaucescens pSE34 and pSG14 transformants in the presence of perdeuterated acetate. Under these conditions perdeuterated acetyl-CoA is generated within the cell and competes with unlabeled acetyl-CoA for initiating biosynthesis of SCFAs such as palmitoyl-CoA. In the fatty acid analyses the hydrolysis and subsequent methylation of this acyl thioester generate methyl palmitate with a molecular ion of 270 (29) . Labeled palmitate with a molecular ion of 273 elutes at a slightly earlier retention time in the gas chromatography-mass spectrometry analyses, and this is indicative of the intact use of perdeuterated acetylCoA as a starter unit (28) . It is well established that significantly lower levels of deuterium are incorporated into palmitate via the malonyl-CoA extender units (formed by carboxylation of the perdeuterated acetyl-CoA) (28) . This observation has been attributed to a combination of "washout" of the deuterium label (exchange of deuterium with hydrogen) from the malonyl-CoA and/or malonyl-ACP substrate (Fig. 5 ) and the corresponding ␤-ketoacyl-ACP product, as well as the loss of deuterium in the subsequent dehydration step (19) . Thus any contributions to the labeled palmitate with a molecular ion of 273 by multiple incorporations of deuterated malonyl-ACP are low and can be readily corrected for (28) .
In experiments with the pSE34 transformant 9% Ϯ 1% of the palmitate pool was generated from a perdeuterated acetylCoA starter unit, compared with 3.6% Ϯ 0.5% with the pSG14 transformant. Thus, while the amount of palmitate increases dramatically in the pSG14 transformant, the amount directly generated from perdeuterated acetyl-CoA decreases. This observation is consistent with the use of an alternative unlabeled starter unit such as acetyl-ACP in this process. Conversion of perdeuterated acetyl-CoA to acetyl-ACP via the actions of acetyl-CoA carboxylase and malonyl-CoA-ACP transacylase and the malonyl-ACP decarboxylase activity of the Cys122Gln KASIII mutant would result in loss of at least one deuterium. Analysis of the palmitate pool in the pSG14 transformant showed no evidence of significant labeling of the palmitate pool with a dideuteroacetyl starter unit, indicating that under the conditions of the experiment extensive deuterium washout must occur at the level of the malonyl thioester (Fig. 5) .
Malonyl-ACP decarboxylase activity of mutant and wildtype KASIII. The malonyl-ACP decarboxylase activity of the wild-type S. glaucescens KASIII and mutants in vitro was studied. With E. coli as the host, the corresponding genes were expressed (Fig. 6A ) and the resulting His-tagged proteins were purified by following standard protocols (Fig. 6B) . The Cys122Ser mutant accumulated predominantly as an insoluble form in E. coli, preventing further study. This observation was somewhat surprising as SDS-PAGE analysis and fatty acid profiles of the pSS4 transformant did not indicate that there was a significant difference between the solubility of this mutant and those of the other mutants or wild-type KASIII in S. glaucescens.
Malonyl-ACP decarboxylase assays were carried out at 37°C for 1 h using purified malonyl-ACP and different amounts of the enzymes. The conversion of malonyl-ACP to acetyl-ACP was analyzed on a conformationally sensitive gel (Fig. 7) . Under these conditions the Cys122Ala mutant exhibited the highest in vitro decarboxylase activity. No significant differences between the wild type and the Cys122Gln mutant were observed (Fig. 7A) .
The assay was then repeated in the presence of isobutyrylCoA and butyryl-CoA, (known acyl-CoA substrates for S. glaucescens KASIII [7] ) ( Fig. 7B and C) . Under these condi- FIG. 3 . Relative abundances of the major fatty acids produced by S. glaucescens carrying plasmids pSE34 (control), pSG14 (Gln), pSS4 (Ser), pSA11 (Ala), and pSW7 (wild). pSG14, pSS4, pSA11, and pSW7 allow expression of S. glaucescens fabH122CQ, fabH122CS, fabH122CA, and fabH, respectively. Fatty acid abbreviations: iC14, isomyristate; iC15, isopentadecanoate; aiC15, anteisopentadecanoate; iC16, isopalmitate; C16, palmitate; iC17, isoheptadecanoate; aiC17, anteisoheptadecanoate.
tions the decarboxylase activities of both mutants were extensively inhibited. In contrast, almost a complete loss of the malonyl-ACP substrate was observed with the wild-type enzyme (even at the lowest [400-ng] level). No significant levels of acetyl-ACP were generated; rather 3-ketoacyl-ACP and related degradation products were observed (it is well established that these compounds have poor stability under these assay conditions [9] ). Thus in the presence of acyl-CoA substrates the wild-type enzyme preferentially catalyzes the coupled rather than the uncoupled decarboxylation process. Furthermore, under these assay conditions the efficiency of the malonyl-ACP decarboxylase activity in the coupled reaction of the wild-type KASIII is greater than the corresponding activity in the uncoupled reactions of either mutant, even in the absence of an acyl-CoA substrate (where the lowest [400-ng] level of protein only partially converted the malonyl-ACP substrate to acetyl-ACP).
DISCUSSION
KASIII initiates fatty acid biosynthesis in type II dissociable FASs by catalyzing a Claisen condensation using an acyl-CoA and a malonyl-ACP as substrates (5) (Fig. 1A) . The first half of this double-displacement mechanism involves the binding of the acyl-CoA substrate and subsequent formation of an acylenzyme intermediate on a Cys residue with release of CoA (18) . In the second half of the process malonyl-ACP binds to the acylated enzyme and a subsequent decarboxylative condensation releases the 3-ketoacyl-ACP product. It has been well established that chemical (iodoacetamide) (16, 22) or sitedirected (substitution with glutamine) modifications of activesite cysteine in other KAS enzymes (which use acyl-ACP substrates) (2, 30) lead to a loss of the corresponding KAS activity. In many of these cases it has also been demonstrated that these modifications lead to an increase in the rate of the uncoupled   FIG. 4 . Fatty acid profiles of S. glaucescens carrying pSE34 (A) and pSG14 (B) (allows expression of S. glaucescens fabH122CQ). Fatty acid abbreviations: iC14, isomyristate; C14:0, myristate; iC15, isopentadecanoate; aiC15, anteisopentadecanoate; iC16, isopalmitate; C16:1, palmitoleate; C16:0, palmitate; iC17, isoheptadecanoate; aiC17, anteisoheptadecanoate. TIC, total ion chromatogram. malonyl thioester decarboxylase activity. We hypothesized that such a mutation in KASIII might have a similar effect and might lead to the generation of a mutant able to generate acetyl-ACP.
S. glaucescens was chosen as a host for these studies as it makes predominantly BCFAs (7). This strain like other streptomycetes makes a small amount of SCFAs, presumably because of the preference of KASIII for BCFA acyl-CoA precursors over acetyl-CoA (7). Studies of cell extracts of microorganisms that produce predominantly BCFAs have reported that acetyl-ACP functions more effectively than acetylCoA for initiating palmitate biosynthesis (14, 21) . This difference presumably reflects an ability of the acetyl-ACP to be directly elongated using a different KAS, circumventing the substrate specificity of the KASIII-catalyzed initiation step. We reasoned that significant quantities of acetyl-ACP could be generated in S. glaucescens by expression of a Cys122Gln KASIII mutant (KASIII Q ) with malonyl-ACP decarboxylase activity and that this should therefore lead to a significant increase in the levels of SCFAs relative to BCFAs. As described above these levels increased more than fivefold in the S. glaucescens/pSG14 KASIII Q expression strain. Experiments using perdeuterated acetate demonstrated that a significantly smaller amount of the SCFA pool was generated directly from an acetyl-CoA starter unit in the pSG14 transformant than was generated in a control (a strain carrying pSE34). These observations support the notion that the increase in SCFA biosynthesis is the result of an increase in the acetyl-ACP pool. Significant increases in SCFA biosynthesis (with concomitant decreases in the levels of BCFA) have previously been observed for addition of nonlethal doses of type II FAS inhibitor thiolactomycin to cultures of S. glaucescens and Streptomyces collinus (7, 28) . In this case an increase, rather than a decrease, in the intact utilization of a perdeuterated acetyl-CoA starter unit was observed (28) . A different mechanism must, therefore, account for the alteration of fatty acid profiles of S. glaucescens grown in the presence of this type II FAS inhibitor.
Clear evidence that both type I and type II polyketide biosynthetic processes can be initiated using an uncoupled decarboxylative process with either malonyl-or methylmalonyl-ACP has been presented (1-3). It has been proposed that decarboxylation of malonyl-ACP by KASI and KASII might also under some circumstances play a role in initiation of fatty acid biosynthesis in E. coli (17) . That such a process occurs to any significant degree in type II fatty acid biosynthetic processes has not been proven and would appear to be discounted by the observation that no viable fabH deletion mutants have been reported for E. coli. All attempts by us to generate a fabH mutants in S. glaucescens have failed, suggesting that the KASIII catalysis of fatty acid synthesis is an essential process (unpublished data).
The first clear example of a decarboxylative pathway for initiation of fatty acid biosynthesis was therefore observed in a strain carrying the Cys122Gln KASIII mutant. Interestingly this pathway does not occur with the increased levels of wildtype enzyme, despite the fact that both enzymes exhibit similar in vitro malonyl-ACP decarboxylase activities. In S. glaucescens/pSG14 the new decarboxylative pathway for initiation of SCFA biosynthesis must function alongside the normal KASIIcatalyzed initiation of the SCFA and BCFA pathways (the host contains the wild-type fabH). It will be interesting to determine if an S. glaucescens mutant capable of generating only SCFAs can be created by replacement of the wild-type fabH with fabH122CQ.
Conversion of the active-site cysteine to glutamine in the KAS domain of the rat type I FAS has recently been reported to increase malonyl-ACP decarboxylase activity by more than 2 orders of magnitude (30) . A substantial increase in malonyl-ACP decarboxlase activity with glutamine substitution of the active-site cysteine in KS ␣ , a component of the actinorhodin type II PKS, has also recently been reported (2) . It has long been speculated that KASs exist in two distinct conformations, one favoring the initial acylation step and the other favoring the binding and subsequent decarboxylation of malonyl-ACP (16, 30) . It has been suggested that the structure of the Cysto-Gln replacement mutant KAS of the rat FAS is homologous to the acyl enzyme intermediate and thus allows a conformation that favors the productive binding of the malonyl-ACP (30) . Such an argument cannot be extended the S. glaucescens KASIII, where the uncoupled malonyl-ACP decarboxylase activity is unaffected by an analogous replacement and remains substantially lower than the corresponding activity in the coupled reaction of the wild-type enzyme. Decarboxylation activity of the S. glaucescens KASIII was, however, notably higher with the cysteine-to-alanine replacement. Interestingly a Cys112Ser mutant E. coli KASIII has also been reported to have an increased (400%) decarboxylase activity (5) compared to that of the wild-type enzyme. The homologous mutations of the KAS domain of the rat FAS, on the other hand, did not yield marked differences in the malonyl-ACP decarboxylase activity (30) . It is evident from these studies that the type and magnitude of effects of mutations of the active-site cysteine on malonyl-ACP decarboxylase activity are very much dependent on the KAS used.
Inhibition of the malonyl-ACP decarboxylase activity of the two KASIII mutants by isobutyryl-CoA and butyryl-CoA was somewhat surprising in that the enzymes do not contain an active-site cysteine required for formation of an acyl enzyme intermediate. The mutations, however, might not completely disrupt the noncovalent enzyme substrate complex that precedes the formation of the acyl enzyme intermediate. Thus high concentrations of isobutyryl-CoA or butyryl-CoA could bind in this form, blocking malonyl-ACP binding. Within this context it is reasonable to suggest that a KASIII mutant replacing the cysteine with a longer glutamine residue would have a lower affinity for acyl-CoA compounds than mutants generated using alanine or serine. In this case the Cys122Gln mutant could act more effectively as a malonyl-ACP decarboxylase in vivo than the Cys122Ala mutant, despite having lower in vitro activity. A decreased inhibition by acyl-CoA compounds might similarly be a contributing factor for the selection of a glutamine residue, in place of cysteine, in the active site of the polyketide synthase KS domains which catalyze initiation by decarboxylative condensation. Unfortunately the use of a conformationally sensitive gel in an assay for malonyl-ACP decarboxylation prevented attempts to accurately determine if there was differential inhibition of various KASIII mutants with acyl-CoA compounds.
There is very little information available regarding the pools of substrates for either polyketide or fatty acid biosynthesis in streptomycetes. The experiments described in this study place some limits on the concentrations that must exist during fatty acid biosynthesis under the tested conditions. The wild-type KASIII does not appear to act as a decarboxylase in vivo but can do so in vitro. The levels of isobutyryl-CoA and methylbutyryl-CoA (precursors for the major fatty acid made in this organism) must be sufficient to allow this enzyme to function as a KAS rather than a decarboxylase. The K m of the S. glaucescens KASIII has previously been reported to be 0.4 M (7). The observation that the KASIII Q mutant functions as a decarboxylase in vivo must indicate that the levels of these substrates are not substantially higher than 100 M. A preliminary analysis of acyl-CoA pools in streptomycetes has been found to be consistent with this prediction (G. Florova and K. A. Reynolds, unpublished results).
In conclusion, KASIII plays a critical role in controlling fatty acid biosynthesis in a type II FAS. The unique features of this pathway, and of this enzyme in particular, have attracted considerable interest as targets for both antibiotic development and the engineering of altered seed oil composition in transgenic plants (5, 25) . In this paper we have clearly demonstrated that introduction of a KASIII Q into a streptomycete can provide a new pathway for fatty acid initiation. This pathway, which proceeds by decarboxylation of a malonyl-ACP extender unit and which appears not to use the wild-type KASIII, leads to a significant alteration in the fatty acid profile of this organism.
